Hematopoietic stem cells (HSCs) and endothelial progenitors arise from a common embryonic precursor. However, these populations diverge prior to the onset of definitive hematopoiesis, as HSCs become CD45 ؉ and are thought to lose the expression of endothelial markers. After the onset of definitive hematopoiesis, CD144 (vascular endothelial [VE]-cadherin) has been considered a specific marker of endothelial cells. In contrast, we found that virtually all HSC activity from embryonic day 13.5 (E13.5) fetal liver was CD144 ؉ . CD144 expression declined on E16.5 fetal liver HSCs and was absent from adult bone marrow HSCs. This identified a new marker that is differentially expressed between fetal and adult HSCs, and enhanced the purification of HSCs from the E13.5 fetal liver. These 
Introduction
Primitive hematopoiesis first arises in the yolk sac at embryonic day 7.5 (E7.5) in mice. Definitive hematopoietic stem cells (HSCs) arise in the aorta-gonad-mesonephros (AGM) around the dorsal aorta at E9 to E11, and then migrate to the fetal liver where definitive hematopoiesis arises around E12. 1 The yolk sac and AGM are also prominent sites of vasculogenesis and there is a close developmental relationship between endothelial cells and hematopoietic cells. 2 Culture studies of mouse embryonic stem (ES) cells suggest that hematopoietic cells and endothelial cells share a common embryonic precursor. 3, 4 FLK1 ϩ CD144 ϩ CD45 Ϫ cells derived from ES cells or E7.5 to E9.5 yolk sac include both endothelial and hematopoietic progenitors. [5] [6] [7] Prior to the onset of definitive hematopoiesis, CD45 Ϫ endothelial cells from the dorsal aorta are capable of forming hematopoietic cells in culture 8, 9 or in vivo. 10 The multilineage hematopoietic reconstituting activity from the AGM is initially in the CD45 Ϫ fraction of cells at E10.5, and in the CD45 ϩ CD144 ϩ cell fraction at E11.5. 11 However, HSCs appeared to lose CD144 by the time they reached the fetal liver at E12.5. 11 These observations suggest that common hematopoietic/endothelial progenitors exist during embryonic development, but that HSCs diverge from these progenitors prior to the onset of definitive hematopoiesis, losing endothelial marker expression as they gain CD45 expression.
Recent studies have challenged this view by showing that definitive HSCs give rise to endothelial cells under some, 12, 13 but not all, 14 conditions. The endothelial marker CD31 (plateletendothelial cell adhesion molecule-1 [PECAM-1]) is also retained on HSCs throughout life. 11, 15 These observations raise the question of whether definitive HSCs broadly retain the expression of endothelial cell markers. Whereas CD31 is expressed by leukocytes and platelets in addition to endothelial cells, CD144 has been considered a specific marker of endothelial cells after the onset of definitive hematopoiesis. 16, 17 We have thus approached this question by examining CD144 expression on HSCs.
Study design
Fetal cells were obtained from timed pregnant C57BL/6:Ka-Thy1.1 (CD45.2) females killed 13 (E13.5) or 16 (E16.5) days after a vaginal plug was observed. Adult cells were obtained from 6-to 8-week-old C57BL/6:Ka-Thy1.1 mice. Cells were first stained with unconjugated monoclonal antibody to CD144 (11D4.1; Pharmingen, San Diego, CA) followed by anti-rat immunoglobulin G (IgG) F(ab) 2 conjugated to fluorescein isothiocyanate (FITC; Jackson ImmunoResearch, West Grove, PA). Fetal liver cells were stained further with directly conjugated antibodies to Sca-1 (E13-biotin), Mac-1 (M1/70-APC), and phycoerythrin (PE)-conjugated lineage markers including B220 (6B2), CD3 (KT31.1), CD5 (53-7.3), CD8 (53-6.7), CD48 (BCM-1), Gr-1 (8C5), and Ter119 (Ly76). Adult marrow cells were stained with directly conjugated antibodies to Sca-1 (E13-APC), c-kit (2B8-biotin), Mac-1 (M1/70-PE), and the PE-conjugated lineage markers. Streptavidin-PharRed (APC-Cy7) was used to visualize biotinylated antibodies. Cells were resuspended in 2 g/mL 7-aminoactinomycin D (7-AAD; Molecular Probes, Eugene, OR) to discriminate live from dead cells.
In long-term competitive reconstitution assays, adult C57BL/6:Ka-CD45.1 recipients (Ͼ 8 weeks old) were lethally irradiated with an x-ray source delivering 75 rads/min. The mice were administered 2 doses of 570 rad each, delivered at least 3 hours apart. CD45.2 ϩ cells were sorted and then resorted into individual wells of a 96-well plate containing 2 ϫ 10 5 CD45.1 ϩ whole bone marrow cells. The contents of individual wells were injected into the retro-orbital venous sinus of anesthetized CD45.1 ϩ recipients. Mice were maintained on antibiotic water (1.1 g neomycin sulfate and 10 6 U/L polymixin B sulfate; Sigma, St Louis, MO). After 1 to 6 months, blood was obtained from the tail veins of recipients, subjected to ammonium-chloride red cell lysis, and analyzed to determine the level of donor reconstitution.
Results and discussion
We compared the gene expression profiles of highly purified E14.5 fetal liver Thy-1 low Sca-1 ϩ Lineage Ϫ Mac-1 ϩ HSCs 18 and adult bone marrow Thy-1 low Sca-1 ϩ Lineage Ϫ c-kit ϩ HSCs. 19, 20 One of the genes that appeared differentially expressed between fetal and adult HSCs was Cd144 (vascular endothelial [VE]-cadherin), which was 13.6 Ϯ 0.7-fold up-regulated in fetal liver HSCs by microarray analysis and 50.9 Ϯ 23-fold up-regulated in fetal liver HSCs by quantitative polymerase chain reaction (qPCR; data not shown). This was interesting given that CD144 has been considered a specific marker of endothelial cells. 16, 17 By flow cytometry, CD144 ϩ cells represented 5.0% Ϯ 2.6% of cells in the E13.5 fetal liver, but this declined with each day of development, such that CD144 ϩ cells represented only 1.9% of cells in the E16.5 fetal liver and 0.9% of cells in adult bone marrow ( Figure 1A ). To test whether CD144 ϩ cells included HSCs, we sorted CD144 ϩ and CD144 Ϫ fractions of E13.5 fetal liver, E16.5 fetal liver, and adult bone marrow ( Figure 1A ) and injected these cells into lethally irradiated recipient mice in competitive reconstitution assays. In the E13.5 fetal liver, all detectable HSC activity fell within the CD144 ϩ fraction, whereas in the E16.5 fetal liver there was HSC activity in both the CD144 ϩ and CD144 Ϫ fractions, and in adult bone marrow all the HSC activity was in the CD144 Ϫ fraction ( Figure 1B ). This demonstrates that HSCs were CD144 ϩ in the E13.5 fetal liver, but that some HSCs were CD144 Ϫ by E16.5, and all HSCs were CD144 Ϫ by adulthood.
This temporal change in CD144 expression by HSCs was confirmed by CD144 staining of HSCs. HSCs were enriched as Sca-1 ϩ Lineage Ϫ Mac-1 ϩ cells from the fetal liver 18 or Sca-1 ϩ Lineage Ϫ c-kit ϩ cells from adult bone marrow. 19 These populations in the fetal liver and bone marrow give long-term multilineage reconstitution of both primary and secondary recipients. 18, 19 While most of the HSCs from the E13.5 fetal liver were CD144 ϩ , HSCs from E16.5 fetal liver exhibited reduced staining, and adult bone marrow HSCs appeared uniformly CD144 Ϫ ( Figure 1C) .
Consistent with this phenotypic analysis, most of the HSC activity within the Sca-1 ϩ Lineage Ϫ Mac-1 ϩ population fell within the CD144 ϩ fraction at E13.5, but within both CD144 ϩ and CD144 Ϫ fractions at E16.5. 5 donor type CD144 Ϫ Mac-1 ϩ Lineage Ϫ Sca-1 ϩ cells or CD144 ϩ Mac-1 ϩ Lineage Ϫ Sca-1 ϩ cells from the E13.5 or E16.5 fetal liver were injected along with 200 000 recipient type bone marrow cells into lethally irradiated mice. At E13.5 most of the long-term multilineage reconstituting activity fell within the CD144 ϩ fraction of Mac-1 ϩ Lineage Ϫ Sca-1 ϩ cells, but at E16.5, there was strong long-term reconstituting activity in both CD144 ϩ and CD144 Ϫ fractions (Table 1) . Whole bone marrow cells from primary recipients that had been reconstituted for 6 months by CD144 Ϫ Mac-1 ϩ Lineage Ϫ Sca-1 ϩ cells (n ϭ 3 mice) or CD144 ϩ Mac-1 ϩ Lineage Ϫ Sca-1 ϩ cells (n ϭ 4 mice) were transplanted into secondary recipients (4 secondary recipients per primary recipient). The secondary recipients were always longterm multilineage reconstituted by donor cells, irrespective of whether the primary recipients had been reconstituted by CD144 ϩ or CD144 Ϫ cells. These results confirm that CD144 is expressed by most E13.5 HSCs but that CD144 expression is extinguished by a subset of HSCs by E16.5.
At E13.5, 1 of every 8.8 CD144 ϩ Mac-1 ϩ Lineage Ϫ Sca-1 ϩ cells gave long-term multilineage reconstitution, whereas only 1 in 38 CD144 Ϫ Mac-1 ϩ Lineage Ϫ Sca-1 ϩ cells did (Table 1) . At E16.5, 1 of every 5.1 CD144 ϩ Mac-1 ϩ Lineage Ϫ Sca-1 ϩ cells gave long-term multilineage reconstitution, though by this point similar purity was observed in the CD144 Ϫ fraction. These results provide a new marker that enhances HSC purity at early stages of fetal liver development.
Targeted deletion of CD144 disrupts the function and survival of endothelial cells, without affecting hematopoiesis from embryoid bodies in culture 22 or the yolk sac in vivo. 23 However, these mice die by E9.5, precluding an analysis of definitive HSCs in vivo. It also remains to be determined whether fetal liver HSCs, and CD144 ϩ HSCs in particular, retain the potential to generate endothelial cells. Some prior studies have observed that adult HSCs could make endothelial cells, 12, 13 while other studies have not. 14 In future studies it will be necessary to use a variety of assays in order to address this question definitively.
The discovery that CD144 marks fetal liver HSCs will be important to consider in studies of the relationship between the hematopoietic and endothelial lineages. Together with the expression of CD31 15 and endoglin 24 by HSCs, the expression of CD144 by fetal liver HSCs emphasizes the close developmental relationship between the hematopoietic and endothelial cell lineages.
However, it indicates that CD144 is not a specific marker of endothelial cells during fetal development and that fate mapping or lineage studies that employ CD144 as an endothelial marker must be interpreted with caution. .5 fetal liver were injected along with 200 000 CD45.1 ϩ cells into lethally irradiated CD45.1 ϩ mice. To be considered reconstituted, donor-type cells of a particular lineage had to represent greater than 0.3% of cells. Mice were considered long-term multilineage reconstituted when donor-derived myeloid, B, and T cells were observed in the blood for at least 6 months after reconstitution. Mice were considered transiently multilineage reconstituted if donor-derived myeloid, B, and T cells were observed in the blood, but donor-type myeloid cells could no longer be detected by 16 weeks. Oligopotent reconstitution was characterized by transient donor reconstitution of 1 or 2 lineages. The frequency of HSCs was calculated by Poisson limit-dilution statistics 18, 21 based on the frequency of mice that became long-term multilineage reconstituted.
